ABSTRACT Effect of the diamond nanoparticle on the friction property of the sliding friction pair is investigated using the molecular dynamics simulation. A molecular dynamics simulation model without the diamond nanoparticle is also set up. The simulation is conducted at an external load of 60 nN. The results confirm that adding diamond nanoparticle can improve the friction property. With increasing the diameter, the angular velocity, and the indentation depth decrease inversely. Also, when the diameter varies from 32.13 Å to 49.98 Å, the friction force, and the contact area are both inversely proportional to 3.6 power of the diameter. The relationship between friction force and contact area shows a linear increase law, which indicates that friction force is affected by the contact area.
I. INTRODUCTION
When two contact solids slid against each other, friction and wear will occur at the interface [1] , [2] . Many researchers have investigated the friction characteristics of the nanoparticles lubricants and found that the nanoparticles can improve the friction property of lubricants. Kim et al. [3] added the diamond nanoparticles with diameter from 5 nm to 10 nm into the paraffin oil and conducted the friction test. They found that the diamond nanoparticles could improve the friction properties of paraffin oil, because the diamond nanoparticles were spherical particles and rolled between the friction pair. The nanoscale fluid friction test was carried out by Dennis et al. [4] at water lubricated with adding carbon microspheres. The results showed that the carbon microspheres played a role in ball bearings, and the friction coefficient was reduced by about 0.03. Chu et al. [5] added the diamond nanoparticles at diameter 4.37 nm into lubricating oil and prepared the nano fluid with concentration of 0%, 1%, 2% and 3%. By conducting the ring block friction and wear test, they found that the diamond nanoparticles can improve the tribological properties of lubricating oil. The
The associate editor coordinating the review of this manuscript and approving it for publication was Debashis De. friction coefficient at volume fraction of 2% was the lowest and the wear loss was lowest at volume fraction of 3%. Novak et al. [6] studied the effect of concentration of diamond nanoparticles on the friction properties of paraffin oil. The diameter of diamond nanoparticles was 3-10 nm and the mass fraction was 0.5%, 1% and 2%. They found that the mass fraction of 1% paraffin oil had the most excellent friction properties and the coefficient of friction was reduced by 13%. Previous studies have suggested that the nanoparticles can play the role of the micro bearing when they are used as lubricant additives.
With the rapid improvement of computer calculating ability, MD simulation has been an important method to investigate the micro tribological behavior [7] , [8] . Also, lots of researchers used the MD simulation to investigate the friction property of nanoparticles [9] - [15] . Lee et al. [9] performed a MD simulation to study the rolling characteristics of Ni spheres at the nanoscale. In the simulation, rigid Ni spheres with diameter of 6 nm and 12 nm used were rolled on a Cu substrate. Their results indicated that the smaller sphere showed a higher friction level and rolling depth greatly increased the rolling friction. Zhang and Tanaka [10] investigated the deformation of silicon monocrystals induced by three-body contact sliding with the aid of the MD analysis. Sun et al. [12] carried out a MD simulation to study the nanoscale three-body abrasion for the diamond-monocrystal silicon system. They found that there exists only the rolling movement of diamond nanoparticle and friction force is proportional to normal force in three-body abrasion model. Si et al. [13] investigated the effects of abrasive rolling on material removal and surface finish using MD simulation methods. They found that both abrasive rolling and sliding were important for the material removal.
In addition, working parameters which affect the friction property of nanoparticles, such as velocity [16] , shape of nanoparticle [17] , [18] , temperature [19] , [20] and normal load [21] have been well researched by the MD simulation. Hu et al. [16] studied the friction behaviors of silicon dioxide and diamond nanoparticle with MD simulations. The results showed that when velocity and load is low, the nanoparticle can act as bearings. However, when the load was increased, the rolling effect of silicon dioxide was loss. Shi et al. [17] investigated the influence of normal load and nanoparticle shape on the rolling friction property under low humidity conditions. They found that the movement pattern of nanoparticles can be changed from sliding to rolling by tuning the nanoparticle shape. Khomenko et al. [19] studied the friction properties of Pd and Al nanoparticles on a graphene surface and point out that the averaged friction force depends nearly linearly on the contact area and non-monotonously on the temperature.
However, there is still much uncertainty about the friction reduction mechanisms of nanoparticle. In order to further reveal how the addition of nanoparticle decrease the friction force, two MD simulation models with and without the diamond nanoparticle under dry condition are conducted in this paper. The relationship between the friction property and the diameter is also investigated with the MD simulation to explain how the diameter of nanoparticle changes the friction force at the nanoscale.
II. COMPUTATIONAL SCHEME
In this section, the model setup, molecular dynamics and computational method are described.
A. MODEL SETUP
To build the friction model, LAMMPS [22] is used to conduct the MD simulation and AtomEye [23] is adopted to visualize the model. As shown in the Figure 1 , two MD models are built to illustrate the friction property of diamond nanoparticle, including sliding model without diamond nanoparticle and rolling model with diamond nanoparticle. When no diamond nanoparticle is present, two substrates contact each other directly, which is described in Figure 1(a) . The two substrates consist of upper substrate and lower substrate. Both upper substrate and lower substrate are the same size of 30a c ×15a c ×25a c , where is the lattice constant of copper (3.615 Å). They contain 47430 copper atoms, including 6120 rigid atoms, 10710 thermostat atoms and 30600 Newtonian atoms, respectively. The thicknesses of the rigid atoms and the thermostat atoms are 7.23 Å and 10.85 Å, respectively. In the simulation, periodic boundary conditions are adopted in the x and z directions.
In addition, a comparative analysis is conducted to investigate the friction properties of diamond nanoparticle by placing it between the upper substrate and the lower substrate, which is described in the Figure 1 
B. MOLECULAR DYNAMICS
In the simulation, the interaction between copper atoms is described by adopting the EAM potential [24] . The diamond nanoparticle is treated as the rigid and diamond-diamond interaction is ignored. The copper-diamond interaction is modeled by the Morse potential:
where D 0 , is a parameter determined by the cohesive energy, α is the elastic modulus, r is the dynamic distance and r 0 is the equilibrium distance. In addition, the values of D 0 , α, r and r 0 are 0.087eV, 5.14, 2.05Å [25] , [26] . Three steps, including relaxation step, indentation step and sliding step, are adopted to realize the MD simulation. During the relaxation step, the model is relaxed for 100 picoseconds (ps) and an equilibrium state is acquired. The canonical ensemble (NVT) is applied to the thermostat atoms and Newtonian atoms. Additionally, the rigid atoms are fixed to keep the model height unchanged. At the indentation step, an external load (60 nN) is imposed on the upper substrate along the position direction of y axis. The temperature of thermostat atoms is kept at 298 K by adopting the Langevin thermostat and the micro-canonical ensemble (NVE) is applied to the Newtonian atoms. The target external load is reached by gradually increasing the external load from 1, 6 and 30 nN to finally 60 nN during 80 ps. Because the external load is increased during the indentation step, sliding step is not adopted until the target external load of 60 nN is acquired. At the sliding step, the NVE is used for the Newtonian atoms of both substrates. The upper substrate moves at a constant velocity of 100 m/s along the positive direction of x axis. The sliding step is performed for 150 ps with time step equal to 0.001 ps.
C. COMPUTATIONAL METHOD
Defining the friction force, friction coefficient, indentation depth and contact area is significant in understanding the friction mechanism at the nanoscale. In the MD simulation, the diamond nanoparticle force acting on upper substrate (DFUS) and the diamond nanoparticle force acting on lower substrate (DFLS) are obtained by the LAMMPS. The friction force f and the normal force F ex are calculated by averaging the DFUS and DFLS along the x and y direction, respectively. The friction coefficient is the friction force divided by the normal force Figure 2 illustrates the principle of indentation depth. The indentation depth is the average value of the indentation depth of upper substrate and lower substrate, which can be calculated by
where h 1 is the distance between the undisturbed interfaces of the upper substrate and the lower substrate, h 2 is the distance extension of diamond nanoparticle in the y direction. In this study, the contact area is calculated by averaging that of the upper substrate and lower substrate with the diamond nanoparticle. When a diamond atom is in the range of chemical interactions of other copper atom, the diamond atom is called contact area [27] - [29] . Therefore, the contact area can be calculated by
where N at is the number of contact atoms, including the contact atom of upper substrate and lower substrate, A at is average surface area per atom.
III. RESULTS AND DISCUSSION
The results and discussion section is divided into three sections: friction property analysis, effect of diameter on the indentation characteristic and effect of diameter on the friction property.
A. FRICTION PROPERTY ANALYSIS Figure 3 shows the friction property of MD sliding simulations without the diamond nanoparticle at external load of 60 nN. From Figure 3 (a), it can be seen that when the upper substrate begins to slide, the friction force will reach a high peak (577 nN) at 11 ps. This is because both the substrates lock each other. As the Figure 4 shows, the upper substrate and the lower substrate seem to perform a whole copper material at point A. When the sliding time is higher than 11 ps, the friction force will decrease rapidly and gradually stabilize at 101 nN. The friction morphology at point B is described in the Figure 4 . It can be seen that the friction process tends to be stable and the upper and lower matrix are no longer locked. On the other hand, Figure 3 (a) also shows the normal force at external load of 60 nN. The normal force rapidly increases firstly but decreases subsequently and reaches at 60 nN, which is identical to the external load. Figure 3 ) and 105 ps (point B in Figure 3 ).
Additionally, Figure 3 (b) illustrates the friction coefficient varying with the sliding time. The change in friction coefficient coincides well with the friction force. When the sliding time is at 11 ps, the friction coefficient will increase to the maximum 10.2. With increasing the sliding time, the friction coefficient decreases quickly and then be steady at about 1.75. Thus, the friction force is basically higher than the normal force at and the motion of upper substrate is seriously hindered.
The friction property analysis for rolling model with diamond nanoparticle at diameter of 35.7 Å, including the friction force, normal force and friction coefficient, are shown in the Figure 5 . It can be seen that the friction force varying with the sliding time, which contains run-in period and stabilization period. When the sliding time is shorter than 65 ps, the friction force will be in the run-in period and it will increase when the sliding time is raised. But the friction force will be stable when the sliding time is more than 65 ps. The normal force fluctuates with 60.4 nN, which is close to the value of the external load (60 nN).
The similar property can also be found on the relationship between the friction coefficient and the sliding time. It also includes run-in period and stabilization period. When the average friction coefficient is in run-in period, the friction coefficient will increase with increasing sliding time. Also, the average friction coefficient will keep stable when it is in stabilization period. To explain the friction period, the average indentation depth varying with the sliding time is calculated. As the Figure 6 shows, the average indentation depth increases with increasing the sliding time from 0 ps to 65 ps. But the indentation depth will be generally steady when the sliding is larger than 65 ps. On the other hand, the friction morphologies at sliding time of 0 ps, 20 ps, 110 ps and 150 ps are given in Figure 6 . The diamond nanoparticle are surrounded by copper atoms of substrate at 0 ps. But with increasing the sliding time, the number of atoms behind the nanoparticle decreases and more contact atoms are needed to produce the repulsive force to support the substrate, which increases the indentation depth. However, the number of diamond atoms surrounded by the copper atoms keeps constant in the stabilization period, so the indentation depth generally remains unchanged. As a result, the friction process can be divided into run-in period and stabilization period.
Comparing Figure 3 and Figure 5 , it can be concluded that whether the diamond nanoparticle is added or not, there are the run-in period and stabilization period in the friction process. Unlike sliding model without diamond nanoparticle, both friction force and friction coefficient decrease with adding the diamond nanoparticle. In addition, the friction force and friction coefficient increases to the maximum and then decreases to the steady value in the sliding model, while they directly increases to the steady value in the rolling model. It can be concluded that the addition of diamond nanoparticle makes the friction process more stable and improves the friction reduction behaviors, which validates the friction reduction mechanism of diamond nanoparticle.
On the other hand, the diamond nanoparticle can roll when the upper substrate slides, which can change friction force and friction coefficient. To better explain the rolling property, the angular velocity of diamond nanoparticle is analyzed. The angular velocities whose rotate axis is z axis can indicate whether the diamond nanoparticle is rolling or not. The angular velocity at diamond nanoparticle diameter of 35.7 Å is shown in Figure 7 . The angular velocity fluctuates with 0.028 rad/ps. When the sliding time is smaller than 65 ps, the angular velocity is in run-in period and it is in stabilization period at sliding time higher than 65 ps. On the other hand, the oscillating velocity is different at different sliding time. The oscillating velocity in the run-in period is higher than that in the stabilization period. The velocity oscillation can be considered to be from the atomic stepped surface of both the diamond nanoparticle and the substrate. Additionally, the angular velocity in run-in period sometimes becomes negative. Therefore, it can be concluded that the diamond nanoparticle have a tendency to roll with an oscillating velocity.
B. EFFECT OF DIAMETER ON THE INDENTATION PROPERTY
At same indentation depth, a larger size of the nanoparticle needs larger force, which means with same force, a larger size of the nanoparticle will result in smaller indentation depth [30] . Figure 8 describes the relationship between the indentation depth and the diameter of diamond nanoparticle. The initial indentation depth at sliding time of 0 ps is analyzed, which is shown in the Figure 8(a) . It can be seen that the initial indentation depth (sliding time is 0 ps) reduces along with the diameter increase nonlinearly. To reveal the relationship between them, the curve fitting is adopted by the power function. It is predicted that the initial indentation depth inversely proportional to 3.6 power of the diameter. The correlation coefficient is 0.949. Figure 9 . The indentation is formed in the lower substrate at the friction process. The surface of lower substrate is totally destroyed at small diameter, such as 32.13 Å. However, the surface of upper substrate is basically not damaged at diameter of 46.41 Å. The result is coincident with the relationship between indentation depth and diameter in the Figure 8(b) . Figure 10 shows a series of friction property with respect to sliding time at different diameter, including friction force, normal force, friction coefficient and angular velocity. As can be seen from Figure 10(a) , all the friction forces with different diameters show the trend of first growth and then stability and they can be divided into run-in period and stabilization period. For the diamond nanoparticle with large diameter (49.98 Å), the friction force is negative at sliding time 100 ps∼125ps. This is mainly due to the random motion of the atoms. The number of contact copper atoms behind the diamond nanoparticle is even more than that in front of diamond nanoparticle at some point. The friction force will be negative and promote the motion of diamond nanoparticle. But when the diameter decreases, more atoms accumulate in front of the nanoparticle, which will raise the fluctuation range and average value of the friction force. So the friction force always prevents the motion for the diamond nanoparticle with small diameter. Figure 10(c) , the relationship between the friction coefficient and the sliding time is similar to that of the friction force. The friction coefficient increases with decreasing the diameter. At diameter of 49.98 Å, the friction coefficient is even negative at 100 ps∼125 ps. But when the diameter decreases, the friction coefficient increases gradually and this phenomenon disappears. Figure 10(d) shows the effect of diameter on the angular velocity. The angular velocity fluctuates with the increase of sliding time at any diameters. The fluctuation range at run-in period is higher than that at stabilization period. However, the effect of diameter on the angular velocity is not obvious in the Figure 10(d) . In order to describe the relationship between the angular velocity and the diameter more intuitively, the average angular velocity is calculated and the relationship between the average angular velocity and diameter is analyzed, which is shown in the Figure 11 . The average angular velocity is inversely proportional to the diameter (ω = 0.99/d) and the correlation coefficient is 0.977. The power fit shows an excellent agreement with the formula.
C. EFFECT OF DIAMETER ON THE FRICTION PROPERTY
To explain how the diameter of diamond nanoparticle changes the friction mechanism, the contact area is calculated and the effect of diameter on the friction force and contact area is analyzed, which is shown in the Figure 12 . Figure 12 (a) illustrates the friction force varying with the diameter. The friction force is inversely proportional to 3.6 power of the diameter and the correlation coefficient is 0.984. The nonlinearly decrease of friction force with the diameter indicates that the slope of the fitting curve decreases with the increase of diameter. The larger the diameter is, the more the increment magnitude of friction force increases. Figure 12 (b) described the effect of diameter on the contact area. It can be found that the contact area depends nonlinearly on the diameter. Considering that the friction force and the real contact area are both inversely proportional to the 3.6 power of the diameter, their relationship is fitted adopting the power function and the result is shown in the Figure 12 (c). The fitting curve is a straight line across ordinate origin. As a result, the friction force is a linear function of the contact area. Therefore, it can be concluded that the diameter of diamond nanoparticle affects the friction force by changing the contact area.
To explain why the friction force depends nonlinearly on the diameter, a force analysis of rolling model with diamond nanoparticle is conducted, which is shown in the Figure 13 . From the force analysis, it can be seen that the friction force and the normal force of lower substrate can be calculated by
where N i is force that the i diamond contact atom acting on the lower substrate and it points towards the center of the diamond nanoparticle. θ i is the angle between N i and y axis. The components of N i in the x axis and y axis are the friction force and normal force, respectively. Assuming that the forces N i are constant for the contact atoms, the closer to the surface of lower substrate, the larger the angle θ i is. From Eq. (6), it can be deduced that the atom closer to the surface generates higher friction force. According to the relationship between the indentation depth and the diameter, the indentation depth increases with decreasing the diameter. Thus, the number of contact atoms required for large diameter particle decreases drastically, which reduces the friction force rapidly.
IV. CONCLUSION
In this paper, the MD simulation was conducted to investigate the rolling friction property adopting the LAMMPS software. A sliding model with two substrates and a rolling model with two substrates and a diamond nanoparticle were built. In addition, effect of diameter on the friction property was also studied. The conclusions were drawn as follows:
(1) The friction force is higher than the normal force and the friction coefficient is greater than one in the sliding model without diamond nanoparticle. But when the diamond nanoparticle is added, the friction force and friction coefficient decreases obviously. Thus, the adding of diamond nanoparticle can improve the friction property. Additionally, the friction force and friction coefficient varying with sliding time consist of run-in period and stabilization period. Unlike the trend of increasing first and then decreasing to stable values in the sliding model, the friction force and friction coefficient increase to the stable values directly in the rolling model.
(2) In the sliding process of the upper substrate, the rolling phenomenon of the diamond nanoparticle is observed. The angular velocity fluctuates around the sliding time and the fluctuating range rises afterwards steady. On the other hand, the angular velocity will decrease inversely when the diameter of diamond nanoparticle is raised. The relationship between them is ω = 0.99/d.
(3) In the model of rolling friction, the indentation depth firstly increases and then tends to be stable. With the increase of the diameter, the indentation depth decreases nonlinearly. The power relationship between the indentation depth and the diameter is h id = 1.41 × 10 6 × d −3.6 . (4) The diameter of diamond nanoparticle has an important effect on the friction property. As the diameter increases, both the friction force and the friction coefficient decrease nonlinearly. On the other hand, the relationship among the diameter, the friction force and the contact area is fitted. It is found that the friction force and the contact area show power relationship decrease with the diameter. The curve of friction force and contact area is a straight line ordinate origin. Therefore, it can be concluded the friction force is actually affected by the contact area.
